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Abstract
This paper describes the technical challenges of leakage inductance estimation of multi-winding medium
frequency transformers for design optimization purposes, where besides the estimation accuracy, the
computational cost represents an equally important figure of merit. While it is possible to very accurately
model the leakage inductance of typical 2-winding transformer geometries, using light-weight analytical
models, in case of multi-winding structures, all of the available methods resort to some type of computa-
tionally intensive numerical methods, e.g. solving of numeric integrals or finite elements method. These
methods offer good accuracy, but their execution time is often a limiting factor when it comes to multi-
variable optimization. To that end, this paper proposes a computationally efficient leakage inductance
model for multi-winding transformers, developed to yield very fast execution.
1. Introduction
The proliferation of high power semiconductor de-
vices and advances in magnetic materials have
given life to the so called solid state transformer
(SST) [1] or power electronic transformer (PET) [2]
concept. Driven by the new requirements of the
emerging MVDC distribution grids and various po-
tential improvements of the existing traction sys-
tems, these concepts have gained popularity in the
recent years. Especially now, the advancements
in power semiconductor industry and the expected
proliferation of the wide-band gap high power semi-
conductor devices such as SiC and GaN, are fur-
ther promoting the SST concept.
To that end, the research interest into various as-
pects of medium frequency transformer (MFT) de-
sign, as a key enabling SST technology, has dra-
matically increased [3]–[8]. Accurate design of the
MFT electric parameters is paramount for proper
operation of these converters. Especially, high pre-
cision of the MFT leakage inductance is usually re-
quired [9]. While there are tools for very precise
leakage inductance modeling (e.g. FEM, Roth [10]
etc.), they all resort to some type of computation-
ally intensive techniques. When it comes to multi-
physics design optimization, involving a multitude of
design variables, the execution time of these mod-
els is often a limiting factor. As a result, one must
usually resort to some type of sufficiently accurate
analytical model with low computational cost.
For the 2-winding transformer case, it is possible to
quite accurately analytically estimate the frequency
dependent leakage inductance via Dowell’s winding
geometric equivalence [11] and some simple cor-
rections [9] that extend its validity to the realistic
window area utilization of the MV transformer struc-
tures. This type of equivalence cannot in general
be applied to any of, frequently encountered, multi-
winding transformers with non-symmetric winding
structure [12], [13], such as shown in Fig. 1a.
This paper proposes a computationally efficient
model that allows for a very fast DC leakage in-
ductance estimation of multi-winding transformers.
It is based on multi-variable polynomial fitting of
the results of the FEM analysis generated on the
two representative generalized winding geometry
primitives, as given in Figs. 1c and 1d. Thus the
proposed model keeps the inherent precision of
the FEM as the most precise modeling approach,
whereas its execution boils down to several low or-
der matrix multiplications, as one of the most prim-
itive processor functions, resulting in very fast exe-
cution.
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Fig. 1: (a) Considered multi-winding transformer with non-symmetric winding structure; (b) MFT symmetry showing
two generalized winding cross-sections with different electromagnetic properties, inside (c) and outside (d) of the
core window area;
Tab. 1: Definition of normalized variables based on generalized winding geometry detail, as shown in Fig. 1c
Variable / / x1 x2 x3 x4 x5 x6
Definition dw1hw1
dw2
hw1
dw1w2
hw1
hw2
hw1
2dhw2
hw1−hw2
B
dw1+dw1w2+dw2
C
hw1
2dX
B−dw1−dw1w2−dw2
Range 0.1 0.1 0− 0.7 0.2− 1 0− 1 1− 2 1− 2 −1− 1
Note that hw1 is taken as a reference when defining the geometry ratios. Winding widths (dw1 and dw2) are
fixed as their effect on the leakage is quite linear and can be taken into account through a correction of dw1w2.
Tab. 2: Definition of normalized variables based on generalized winding geometry detail, as shown in Fig. 1d
Variable / / x1 x2 x3 x4 x5
Definition dw1hw1
dw2
hw1
dw1w2
hw1
hw2
hw1
2dhw2
hw1−hw2
dw1c
dw1+dw1w2+dw2
C
hw1
Range 0.1 0.1 0− 0.7 0.2− 1 0− 1 0− 1 1− 2
Note that compared to the geometry detail inside the core window area (Fig. 1c), the
leakage inductance is in this case fully defined by five normalized variables. Instead of
x4 and x6 from Tab. 1, it is enough to define x4 as given in Tab. 2.
2. Proposed Modeling Method
First phase of modeling is the magnetostatic FEM
analysis, allowing to identify the effect of various
geometric parameters on the transformer DC leak-
age inductance. As shown in [14], the total (3D)
leakage inductance of the transformer can be very
well estimated using two 2D models, representing
the magnetic field energy inside and outside of the
core widow area, as depicted in Fig. 1. Therefore,
the estimation of the total (3D) leakage, boils down
to the ability to accurately estimate the magnetic en-
ergy in these two 2D geometries.
The two 2D generalized geometry primitives are de-
fined and parametrised, as described in Figs. 1c
and 1d, and normalized, as shown in Tabs. 1 and 2.
As can be seen, they are fully defined with eight and
seven normalized parameters, respectively. Due to
the largely linear effect on the leakage inductance,
relative winding widths can be considered as con-
stant. Based on the preservation of the total mag-
netic energy (SW ), a winding geometry equivalence
with infinitely thin windings can be derived, as given
in Fig. 2. The effect of the winding (dw1 and dw2)
and inter-winding (dw1w2) widths on the leakage in-
ductance can be merged into an equivalent inter-
winding distance (1).
dw1w2.eq = dw1w2 +
1
3
(dw1 + dw2) (1)
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Fig. 2: Winding geometry equivalence in respect to to-
tal magnetic energy (SW ) preservation: (a) Standard
2-winding example (b) Theoretical equivalence with in-
finitely thin windings
(a) (b)
Fig. 3: An example of the 2D magnetostatic FEM simu-
lation of the magnetic field inside (a) and outside (b) of
the core window area;
Using this equivalence, any winding width configu-
ration can be transformed into any other, while pre-
serving the total magnetic energy and consequently
the resulting leakage inductance.
A 2D magnetostatic FEM parametric sweep has
been performed, generating the set of leakage in-
ductance estimations (50’000 simulations) within
the geometry range of interest according to Tabs. 1
and 2, covering all of the practically relevant geom-
etry ratios, as displayed in Figs. 3a and 3b.
Based on these results, and taking into account the
minimum vector of influential variables (x), as sum-
marized in Tabs. 1 and 2, a multivariate polyno-
mial fitting is done variable by variable, as shown
in Fig. 4, allowing to always choose the minimum
adequate polynomial order while inherently ensur-
ing convergence. The final result of this fitting is a
multi-dimensional array of polynomial parameters.
For the sake of illustration, an example of the de-
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Fig. 4: Multi-variable polynomial fitting of the MFT leak-
age inductance to the results of the 2D FEM sweep
(50’000 simulations)
scribed model, for a two variable case is shown in
(2).
L′σ.fit =
[
x1
1
]T [
a1.3 a1.2 a1.1 a1.0
a0.3 a0.2 a0.1 a0.0
]
x32
x22
x2
1
 (2)
As can be seen, the evaluation of the model boils
down to simple low order matrix multiplication.
While this operation executes very fast on the pro-
cessor, depending on how many variables (N ) are
involved, and what are the orders of the polyno-
mial fittings (ni), there is
∏N
i=1 ni polynomials to
be solved. Although this model is still executing
very fast for the case of 6-variables, described by
Figs. 1c and 1d and Tabs. 1 and 2 (three orders of
magnitude faster compared to FEM), it is possible
to further optimize the model. Rearranging the or-
der in which the polynomial is executed based on
the algorithm allows for a part of the multi-variable
polynomial, involving variables that have been de-
fined, to be pre-calculated and only execute the
part of the model dealing with optimization variables
within the optimization loop. Doing this, in case
that not all of the variables (x) are being actively
changed in the most nested optimization loop, it is
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Fig. 5: Histograms of the relative leakage inductance es-
timation error, referred to the FEM results (50’000 test
samples)
possible to even further improve the overall execu-
tion time.
The resulting multi-variable polynomial models of
the two geometric primitives from Figs. 1c and 1d
have been compared to the results of the FEM
sweep, as displayed in Fig. 5. As can bee seen,
the errors are very low (below 4% for any practical
design), confirming the good precision of the model.
3. Application of the Model
Calculation of the total 3D leakage inductance boils
down to a few simple steps. First, the dimensions
of the two geometric profiles of the MFT, as seen
in Figs. 1c and 1d, need to be identified and trans-
formed using (1) according to Tabs. 1 and 2. This
leads to
dw1w2.eq01 = dw1w2 +
1
3
(dw1 + dw2 − 2
3
0.1hw) (3)
where dw1w2.eq01 is the equivalent inter-winding di-
electric distance of the generalized geometry prim-
itive with selected constant normalized winding
widths (0.1hw).
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Fig. 6: An example of the per-length primary to i-th
secondary winding leakage inductance calculation of a
multi-winding transformer with a geometry profile, as
shown in Fig. 1a, in case of nine secondary windings,
according to the prototype, as given in Fig. 7.
Taking into account (3), the two multi-variable poly-
nomial models (f1 and f2), describing the magnetic
energy inside and outside of the core window area
are evaluated leading to per-length leakage induc-
tances
L′σ.in = f1(x1) (4)
L′σ.out = f2(x2) (5)
where x1 and x2 are the normalized variable vec-
tors from Tabs. 1 and 2, respectively. Weighted
sum of these two values in respect to the portions
of the MLT inside and outside of the core window
area (see Fig. 1b) leads to the equivalent per-length
leakage inductance
L′σ.eq =
1
A+D
(DL′σ.in +AL
′
σ.out) (6)
An example of these values for a nine-secondary
multi-winding transformer prototype, as displayed in
Fig. 7, with a geometry profile, as shown in Fig. 1a,
is given in Fig. 6.
Finally, the total leakage inductance referred to the
primary winding of the transformer can be calcu-
lated, as shown in (7).
Lσ.total = N
2
1 (MLT )L
′
σ.eq (7)
Depending on the design task, beside the direct es-
timation, this fast executing model also facilitates
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Fig. 7: Multi-winding transformer test setup for experi-
mental verification [15]
simple and numerically efficient inverse calculation
of any single or arbitrary combination of geomet-
ric dimensions x (e.g. dw1, dw1, dw1w2 ) in order to
match the reference leakage inductance.
4. Experimental Verification
The presented modeling is verified with a full 3D
FEM model and measurement on a muti-winding
transformer prototype [15], as displayed in Fig. 7,
with geometry profile, as shown in Fig. 1a, with
nine secondary windings. All of the geometric di-
mensions, construction details and leakage induc-
tance measurement between each secondary and
primary winding can be found in [15].
Plots of the measured and estimated total leakage
inductance between the primary and each of the
secondary windings and relative estimation errors
are displayed in Fig. 8. Estimation is done both with
proposed statistical data-driven model (SDDM) and
full 3D FEM for comparison purposes. A slight un-
der estimation of the total leakage can be observed
for both models. This is most likely due to a small
additional leakage of the extended termination of
the windings and connection cables. As expected
the proposed SDDM performs within the 5% error
compared to FEM, achieving good accuracy with
less than 9% error compared to the measurement
even in case of such extreme geometry ratios.
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Fig. 8: Top: plots of the measured and estimated (both
with the 3D FEM and the proposed SDDM) total pri-
mary to i-th secondary winding leakage inductance of
the multi-winding transformer prototype from Fig. 7 re-
ferred to each secondary winding. Bottom: Plots of the
relative estimation errors of the 3D FEM and the pro-
posed SDDM referred to the measurements.
5. Conclusion
Appropriate MFT modeling for design optimization
is not straightforward. Besides the accuracy re-
quirements, facilitating any optimization scheme im-
plies hard constraints in terms of computational
cost, thus in general excluding the possibility of di-
rect application of very sophisticated numeric tools
such as FEM. This paper proposes a computa-
tionally efficient, yet sufficiently accurate, statistical
data-driven DC leakage inductance model for multi-
winding transformers based on FEM simulation of
simple geometry details and muti-variable polino-
mial fitting.
The proposed modeling framework has been de-
scribed in detail, showing how it is possible to trans-
form, generalize and normalize a numerically dif-
ficult problem up to the point where a sufficiently
small set of significant influences (variables) can
be very efficiently captured via a neural-network in-
spired multi-variable polynomial model. Although
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already very fast (three orders of magnitude com-
pared to simple 2D FEM models), this model can
also be reorganized for most optimal execution de-
pending on the specific design optimization algo-
rithm and potentially achieve an even more drastic
speed improvement. Moreover, a good estimation
accuracy is achieved, with errors less than 5% rela-
tive to the 3D FEM and less than 9% relative to the
measurement.
Even beyond this specific model, this type of mod-
eling framework allows the inclusion of complex ef-
fects, which cannot be analytically approximated
within reasonable accuracy limits or numerically
solved within reasonable time, within the design op-
timization loop.
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